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Perfluorooctanesulfonic acid (PFOS) is a persistent environmental pollutant that may cause adverse effects by inhibiting pulmonary surfactant.
To gain further insights in this potential mechanism of toxicity, we investigated the interaction of PFOS potassium salt with dipalmitoylpho-
sphatidylcholine (DPPC) – the major component of pulmonary surfactant – using steady-state fluorescence anisotropy spectroscopy and DSC
(differential scanning calorimetry). In addition, we investigated the interactions of two structurally related compounds, perfluorooctanoic acid
(PFOA) and octanesulfonic acid (OS) potassium salt, with DPPC. In the fluorescence experiments a linear depression of the main phase transition
temperature of DPPC (Tm) and an increased peak width was observed with increasing concentration of all three compounds, both using 1,6-
diphenyl-1,3,5-hexatriene (DPH) and 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH) as fluorescent
probes. PFOS caused an effect on Tm and peak width at much lower concentrations because of its increased tendency to partition onto DPPC
bilayers, i.e., the partition coefficients decrease in the K(PFOS)>K(PFOA)>>K(OS). Similar to the fluorescence anisotropy measurements, all
three compounds caused a linear depression in the onset of the main phase transition temperature and a significant peak broadening in the DSC
experiments, with PFOS having the most pronounced effect of the peak width. The effect of PFOS and other fluorinated surfactants on DPPC in
both mono- and bilayers may be one mechanism by which these compounds cause adverse biological effects.
© 2007 Elsevier B.V. All rights reserved.Keywords: PFOS; PFOA; DSC; DPPC; DPH; TMA-DPH1. Introduction
Perfluorooctanesulfonate (PFOS) and related perfluorinated
compounds are an emerging group of persistent environmental
contaminants that have been detected in various environmental
matrices, including wildlife and humans [1,2]. PFOS and the
structurally related perfluorooctanesulfonamides have been used
for over 50 years in various large scale technical applications, for
example as water repellants on assorted fabrics, surfactants,
waxes and gloss finish enhancers, anticorrosion agents and
lubricants [1,3]. The persistence of PFOS in the environment and
its accumulation in the food chain are a result of the extreme
inertness of the perfluoroalkyl chain towards thermal, chemical⁎ Corresponding author. Tel.: +1 319 335 4414; fax: +1 319 335 4290.
E-mail address: hans-joachim-lehmler@uiowa.edu (H.-J. Lehmler).
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doi:10.1016/j.bbamem.2007.02.003and biological degradation. Its occurrence in human serum
samples from all over the world [1,2] and its long half-life [4]
raise the question if long-term environmental exposure to these
compounds has an adverse effect on human health.
The mammalian toxicity of PFOS has been investigated in
vitro and in vivo. In the rat and Cynomolgus monkeys, reduction
of body weight, liver hypertrophy, and decreased serum
cholesterol and triglycerides have been reported after exposure
to PFOS [5,6]. In vitro studies have shown that PFOS interferes
withmitochondrial bioenergetics [7], gap junctional intercellular
communication [8], and fatty acid protein binding in the liver
[9]. In addition, PFOS-induced hepatic peroxisome proliferation
has been observed in both the rat and the mouse [10,11]. In utero
and postnatal exposure to PFOS results in a dose dependent
perinatal mortality in rats [13–16] and mice [15,16]. Similarly,
fluorinated surfactants such as ammonium perfluorooctanoate
Fig. 1. Chemical structure and nomenclature of the surfactants used in this study.
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Unfortunately, the mechanism(s) by which PFOS increases
perinatal mortality are currently poorly understood. Overall, our
limited knowledge of the toxicity of PFOS raises concerns about
potential adverse human health effects.
PFOS is both highly hydrophobic and lipophobic, which
explains the accumulation of PFOS and related compounds in
the liver and blood but not the adipose tissue. Despite this
lipophobic character, PFOS can partition into model bilayers
[18] and cell membranes [19], where it causes changes in the
membrane fluidity at aqueous phase concentrations as low as
10 mg/L. The apparent partition coefficient (K) of PFOS
between DPPC bilayers and the bulk aqueous phase is
approximately 5.7×104 and, thus, suggests that a significant
amount of the lipophobic PFOS can partition into biological
mono- and bilayers [18]. In contrast, many structurally-similar
fluorocarbon and hydrocarbon surfactants have lower mem-
brane partition coefficients. Therefore, we and others have
hypothesized that unique interactions of PFOS with pulmonary
surfactant (or, specifically, with DPPC as the major component
of pulmonary surfactant) may be one mechanism by which
PFOS causes perinatal mortality in animal studies [14,18].
To further test this hypothesis the present study investigates
how the membrane partitioning of PFOS distinguishes this
fluorinated compound from structurally related surfactants with
a different headgroup or a different, non-fluorinated hydro-
phobic tail using both steady-state fluorescent anisotropy and
differential scanning calorimetry.
2. Materials and methods
2.1. Materials
The chemical structures of the surfactants, their IUPAC names and the
abbreviations used in this study are shown in Fig. 1. Potassium perfluorooctane-
sulfonate (PFOS) was obtained from Fluka (Buchs, Switzerland, batch
#312421000) and used without further purification. This batch of PFOS was
recently characterized by 19FNMR spectroscopy and contained 82.2%of the linear
isomer and 10.0%, 9.8% and 0.4% of the isopropyl, internally (i.e., CF3(CF2)nCF
(CF3)(CF2)5−nSO3K with n=1 to 4) and t-butyl branched PFOS isomers,
respectively [20]. Its hydrocarbon analog (OS) was synthesized by hydrolysis of
octanesulfonyl chloride with potassium hydroxide. Potassium perfluorooctanoate
was prepared by neutralization of perfluorooctanoic acid with potassium
hydroxide. No branched or other fluorinated impurities were detected in this
potassium perfluorooctanoate sample using 19F NMR spectroscopy. The spectro-
scopic data of all three compounds are in agreement with the proposed structure.
Dipalmitoylphosphatidylcholine (DPPC), purity 99+%, was purchased from
Avanti Polar Lipid (Alabaster, AL, USA). The fluorescence probes, 1,6-diphenyl-
1,3,5-hexatriene (DPH) and 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexa-
triene p-toluenesulfonate (TMA-DPH), were obtained from Molecular Probes
(Eugene, OR, USA). Tetrahydrofuran (THF), ethanol, methanol and chloroformwere
purchased from Fisher Scientific (Pittsburgh, PA, USA) and were HPLC or ACS
grade. All chemicals were used without further purification. Deionized ultra-filtered
water for the fluorescence studies was treated by reverse osmosis and ion exchange
using a Milipore water system (Milli-Q, Millipore, Billerica, MA). Deionized
water for the DSC studies was distilled first from basic potassium permanganate
followed by distillation from sulfuric acid as described previously [18,21–23].
2.2. Preparation of DPPC model membranes
For the DPH anisotropy measurement 1 mL of a DPPC solution (1 mM in
chloroform) and 2 μL of a DPH solution (1 mM in THF) were mixed to give alipid-to-probe molar ratio of 500:1. The solvents were evaporated under reduced
pressure using a rotary evaporator and the resulting lipid films were dried under
vacuum (∼30 psi) for 2 h to remove solvent traces. The DPPC/DPH films were
then hydrated with 1 mL ultra-pure water for 1 h above the phase transition
temperature of DPPC (T≥50 °C). The liposome suspensions were then shaken
vigorously in a vortex mixer and briefly sonicated at ambient temperature to
obtain multilamellar vesicles (MLV). Large unilamellar vesicle (LUV)
suspensions were obtained from the MLV suspensions by extruding the
suspensions∼15 times through a double-stacked polycarbonate membrane filter
(pore size: 200 nm) using a LiposoFast extruder (Avestin Inc., British Columbia,
Canada) at T≥50 °C.
The DPPC films for the TMA-DPH anisotropy measurements were obtained
as described for the DPPC/DPH films above. Briefly, 1 mL of a DPPC solution
(1 mM in choloroform) was added in a round bottom flask. The solvents were
removed under reduced pressure and the lipid film was dried under vacuum. The
lipid film was labeled by adding 1 mL of ultra-pure water and 2 μL of TMA-
DPH (1 mM in ethanol) solution followed by hydration above 50 °C for 1 h [24].
LUV suspensions were obtained from the MLV suspensions as described for the
DPPC/DPH.
2.3. Fluorescence anisotropy measurements
To investigate bilayer fluidization by PFOS, PFOA and OS, working
solutions were prepared by diluting the LUV stock suspensions 100-fold with
aqueous solutions of the surfactant to obtain final concentrations ranging from 0
to 372 μmol/L (0 to 200 mg/L) for PFOS, 0 to 442 μmol/L (0 to 200 mg/L) for
PFOA, and 0 to 34 mmol/L (0 to 8 g/L) for OS, respectively. This dilution did
not result in a significant reduction of the fluorescence anisotropy value <r> due
to light scattering (data not shown).
DPH and TMA-DPH anisotropy in DPPC bilayers was measured using a
LS55 Luminescence Spectrometer from PerkinElmer (Shelton, CT, USA). The
spectroscopic cell was temperature controlled using a PerkinElmer PTP-1 Peltier
System (Shelton, CT, USA) and was continuously mixed with a magnetic stirrer
at low speed. Steady-state DPH and TMA-DPH anisotropy within the DPPC
bilayer was determined at λex=350 nm and λem=452 nm [25] and λex=360 nm
Fig. 2. Temperature dependent changes of the DPH fluorescent anisotropy <r>
in DPPC bilayers for selected concentrations of (A) PFOS, (B) PFOA and (C)
OS potassium salt. Samples containing 10 μmol/L of DPPC were cooled from
50 °C to 20 °C at a rate of 0.2 °/min. Each anisotropy versus temperature curve is
the average of three measurements.
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emission slit width of 10 nm, and a one second average sampling time.
For the fluorescent experiment, the sample solutions were equilibrated at
50 °C for 15 min and subsequently cooled to 20 °C at a rate of 0.2 °/min. DPH
and TMA-DPH anisotropy values were calculated from the equation:
r ¼ IVV  ðGF IVHÞ
IVV þ ð2GF IVHÞ ð1Þ
where IVV and IVH are the fluorescence intensities of the emitted light polarized
parallel and vertical to the excitation light, respectively, and GF is the grating
correction factor. The temperature at the midpoint of the phase transition Tm
(i.e., the temperature at which a 50% change in the fluorescence anisotropy
values occurred) and the width of the melting region ΔTr were determined from
plots of absolute fluorescence anisotropy (<r>) as a function of temperature [27].
All fluorescence experiments were carried out at least in triplicates.
2.4. Calculation of partition coefficients
The apparent partition coefficient K between the DPPC bilayers and the bulk
aqueous phase was estimated for each test compounds using the following
equation [27,28]:
DTm ¼
RT2m;o
DHm
Ccompound;oK
55:5þ CDPPCK
 
ð2Þ
where ΔTm is the change in melting temperature, R is the gas constant, Tm,o is
the melting temperature of hydrated DPPC,ΔHm is the phase transition enthalpy
(31.4 kJ/mol [29]), Ccompound,o is the initial aqueous concentration of the
respective test compound, and CDPPC is the lipid concentration.
2.5. Differential scanning calorimetry (DSC)
Calculated amounts of the respective phospholipids and PFOS, PFOA and
OS were dissolved in chloroform: methanol (3 : 1, v\v) at the appropriate mole
fractions [18,21–23]. The solvent was removed under a stream of nitrogen, and
the mixtures were further dried under vacuum for at least 3 h. The samples
(either DPPC-fluorocarbon surfactant mixtures or pure DPPC) were hydrated in
an excess of water (three times by weight). Samples were heated above the lipid
transition temperature for 5 min and vortexed for 2 min. This process was
repeated approximately eight times. Samples were stored at 4 °C for 12–16 h.
Hydration of samples was always carried out a day before collecting the DSC
scans.
A Thermal Analysis 2920 differential scanning instrument was used for the
DSC studies. The hydrated samples were weighed into DSC aluminum pans.
The DSC cell was purged with 60 mL/min and the refrigerated cooling system
with 120 mL/min dry nitrogen respectively. Samples were cooled to 4 °C at a
heating rate of 10 °C/min and then heated from 4 °C to 80 °C with a heating rate
of 5 °C/min [18,21–23]. All samples were subjected to two subsequent heating
cycles. All experiments were carried out in triplicates. Onset, maximum and
offset temperatures as well as peak width of the pre-transition and the main
phase transition were determined for the second run using the Universal
Analysis NT software [18,21–23]. Phospholipid content in all samples was
determined after the thermal analysis using a modified Bartlett assay [30].
3. Results
3.1. DPH and TMA-DPH fluorescence anisotropy
3.1.1. DPPC
Fig. 2 shows fluorescent anisotropy versus temperature
curves of DPH-labeled DPPC bilayers in the presence of
selected concentrations of PFOS, PFOA and OS potassium salt.
Cooling of pure DPPC bilayers from 50 °C to 20 °C at a rate of
0.2°/min resulted in a sharp increase of the fluorescent
anisotropy characteristic of the phase transition of DPPC fromthe liquid-crystalline to the gel phase. The midpoint of the phase
transition, Tm, occurred at 40.8±1.0 °C. Similarly, the
fluorescent anisotropy versus temperature curves of TMA-
DPH-labeled DPPC bilayers exhibited a phase transition of pure
DPPC at Tm=40.8±0.4 °C (Fig. 3). The phase transition region
in both DPH and TMA-DPH labeled bilayers was relatively
narrow with a transition width of 3.4±0.3° and 3.4±0.4°,
respectively.
3.1.2. PFOS–DPPC mixtures
DPH and the TMA-DPH fluorescence measurements were
performed with PFOS concentrations ranging from 0 to
372 μmol/L. Addition of increasing concentrations of PFOS
to DPPC bilayers resulted in drastic changes in the shape of the
fluorescent anisotropy versus temperature curves in both the
DPH and TMA-DPH fluorescence measurements (Figs. 2A and
3A). The phase transition region became broader and its offset
gradually shifted to lower temperatures, whereas the onset
Fig. 3. Temperature dependent changes of the TMA-DPH fluorescent anisotropy
<r> in DPPC bilayers for selected concentrations of (A) PFOS, (B) PFOA and
(C) OS potassium salt. Samples containing 10 μmol/L of DPPC were cooled
from 50 °C to 20 °C at a rate of 0.2°/min. Each anisotropy versus temperature
curve is the average of three measurements.
Fig. 4. Effect of the aqueous concentration of (A) PFOS, (B) PFOA and (C) OS
potassium salt on (♦) the DPPC melting temperature Tm and (×) the relative
width of the melting region by using DPH as fluorescent probe. All data points
are averages of at least three experiments±one standard deviation.
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entire concentration range investigated. Furthermore, PFOS
caused a slight decrease in the anisotropy value in the gel phase
but not in the liquid crystalline phase of DPPC. These changes
were more drastic in the TMA-DPH measurements (Fig. 3A).
A significant decrease in Tm was observed at a PFOS
concentration as low as 19 μmol/L in the DPH anisotropy
measurements (Fig. 4A). An increase of the PFOS concentra-
tion caused a linear decrease of Tm in DPH labeled DPPC
bilayers up to a PFOS concentration of 84 μmol/L. At this
concentration, an abrupt change in slope was observed with Tm
remaining almost constant with further increasing PFOS
concentrations. A further decrease of Tm was observed at
concentrations >275 μmol/L. The largest change in Tm
compared to pure DPPC was observed at the highest PFOS
concentration of 372 μmol/L, with Tm being 4.5° below the Tm
of pure DPPC bilayers (Fig. 4A). The changes in Tm were also
reflected in changes of the relative width of the phase transitionwhich increased with increasing PFOS concentration but
showed a plateau region at intermittent PFOS concentrations.
The first significant change of the transition width was observed
at a PFOS concentration of 19 μmol/L. The phase transition was
broadest at the highest PFOS concentration investigated
(372 μmol/L) with a width of 13.0±0.2°.
The TMA-DPH measurements mirrored the concentration
dependent changes in the fluorescent anisotropy versus
temperature curves (Fig. 3A), including a decrease in Tm and
an increase in the relative transition width (Fig. 5A). A decrease
in Tm was also observed at a concentration of PFOS of
19 μmol/L. The largest decrease in Tm of 4.5° was observed at
372 μmol/L, the highest concentration of PFOS investigated.
The Tm versus PFOS concentration plot in Fig. 5A showed a
breakpoint at 112 μmol/L, but this breakpoint was less
pronounced in comparison to the DPH measurements. The
first significant change in transition width was noted at a
concentration as low as 19 μmol/L. The broadest phase
transition was observed at the highest PFOS concentration
(372 μmol/L) with a width of 13.0±0.7°.
Fig. 5. Effect of the aqueous concentration of (A) PFOS, (B) PFOA and (C) OS
potassium salt on (♦) the DPPC melting temperature Tm and (×) the relative
width of the melting region by using TMA-DPH as fluorescent probe. All data
points are averages of at least three experiments±one standard deviation.
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DPH and the TMA-DPH fluorescence measurements were
performed with PFOA concentrations ranging from 0 to
442 μmol/L. As shown in Figs. 2B and 3B, concentration
dependent changes in the fluorescent anisotropy versus
temperature curves were noted that resemble the ones observed
for the DPPC–PFOS system. Similar to PFOS, the offset of the
phase transition shifted to lower temperatures and the phase
transition became broader with increasing PFOA concentra-
tions, whereas the onset remained almost constant at approxi-
mately 41.4±0.7 °C (DPH) and 41.5±0.4 °C (TMA-DPH). In
the DPH measurements, PFOA did not cause a significant
change in the anisotropy value in either the gel or liquid
crystalline phase of DPPC. However, a significant decrease in
the anisotropy value was observed in the gel and, to a lesser
extent, in the liquid crystalline phase in the TMA-DPH
experiments. Overall, the changes in the phase transition
behavior were more pronounced with TMA-DPH as probe
molecule.
A significant decrease in Tm was observed at a PFOA
concentration of 111 μmol/L in both the DPH and the TMA-DPH anisotropy measurements (Figs. 4B and 5B). Tm decreased
linearly with increasing PFOA concentration. The only
exception to this trend was the highest PFOA concentration in
the DPH measurements, where a slight increase in Tm was noted
(Fig. 4B). Tm was shifted to lower temperatures by as much as
2.3° (DPH) and 3.7° (TMA-DPH) at a PFOA concentration of
387 μmol/L PFOA, the highest PFOA concentration investi-
gated. In both the DPH and the TMA-DPH measurements, the
transition width showed a significant increase with increasing
PFOA concentration beginning at a concentration of 111 μmol/L
(Figs. 4B and 5B). However, the overall increase in transition
width was less pronounced in the DPH fluorescence experi-
ments. For example, the broadest phase transitions observed at
the highest PFOA concentration (442 μmol/L) were 8.4±0.4°
(DPH) and 14.1±0.3° (TMA-DPH), respectively.
3.1.4. OS–DPPC mixtures
DPH and TMA-DPH fluorescence experiments in the
presence of OS were performed at concentrations between 0
and 34 mmol/L (Figs. 2C and 3C), which is two orders of
magnitude higher compared to the concentrations employed in
the PFOS–DPPC and PFOA–DPPC mixtures. The fluorescent
anisotropy versus temperature curves showed several changes
in phase behavior that resemble the changes noted for the two
fluorocarbon systems. Specifically, OS also caused a broad-
ening of the phase transition and a shift of the offset temperature
and Tm to lower temperatures. However, addition of OS also
resulted in a pronounced shift of the onset temperature to lower
temperatures, an effect that was especially obvious at an OS
concentration of 34 mmol/L. OS caused a decrease in the
anisotropy value in the gel phase but not in the liquid crystalline
phase of DPPC, a change that was more pronounced in the
TMA-DPC measurements.
Tm was significantly different from the Tm of pure DPPC at
an OS concentration as low as 9 (DPH) and 1 mmol/L (TMA-
DPH), respectively. As shown in Figs. 4C and 5C, the decrease
in Tm was approximately linear over the entire OS concentration
range under investigation, independent of the probe molecule
used. Tm was 4.3° (DPH) and 5.9° (TMA-DPH) lower
compared to pure DPPC at the highest OS concentration
studied (34 mmol/L). In addition to lowering the temperature of
the phase transition, OS also caused a broadening of the phase
transition at concentrations ≥2 (DPH) and ≥1 mmol/L (TMA-
DPH), respectively. The transition width increased up to a
concentration of 34 mmol/L. The width of the phase transition
was 9.6±0.2° (DPH) and 12.0±0.6° (TMA-DPH) at this
concentration, which was significantly broader compared to
pure DPPC.
3.1.5. Determination of apparent partition coefficients
The apparent partition coefficients of PFOS, PFOA and OS
between DPPC bilayers and the bulk aqueous phase were
estimated using Eq. (2) and are shown in Table 1. PFOS has a
four times larger partition coefficient compared to PFOA, both
in the DPH and the TMA-DPH experiments. The partition
coefficients of PFOS and PFOA are two orders of magnitudes
larger compared to the one determined for OS.
Table 1
Estimated apparent partition coefficient (K) of PFOS, PFOA and OS between
DPPC bilayers and the bulk aqueous phase determined with DPH and TMA-
DPH fluorescence anisotropy experiments
Surfactant K with DPH (R2) K with TMA-DPH (R2)
PFOS 5.6×104 (0.98) a 8.8×104 (0.90)
PFOAb 1.5×104 (0.94) 2.1×104 (0.98)
OS c 3.0×102 (0.90) 4.6×102 (0.98)
a We recently reported a partition coefficient of 5.7×104 [18].
b For comparison: K(sodium perfluorooctanoate)=8.91×103 [28].
c For comparison: K(sodium octanoate)=1.35×102 [28] and K(sodium
octylsulfate)=1.36×102 [35].
Fig. 7. Partial phase diagrams of mixtures of DPPC with (A) PFOS, (B) PFOA
and (C) OS in excess water. All data points are averages of at least three
experiments±one standard deviation. (×) Onset temperature Tp of the
pretransition, (♦) onset temperature of main transition, and (▴) offset
temperature of main transition. The open symbols represent a temperature
maximum in the DSC scan.
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3.2.1. PFOS
Calorimetric scans for PFOS–DPPC mixtures were per-
formed between mole fractions of DPPC ranging from 0 to 0.69
(Figs. 6A and 7A) and have been reported recently [18]. In
short, the width of the pretransition peak of DPPC increased
upon addition of PFOS, and its onset and maximum temperature
shifted to lower temperatures. At XDPPC<0.97 the pretransition
peak was abolished. PFOS caused in a shift of the peak of the
main phase transition to lower temperatures. The peak
broadened slightly between mole fractions of DPPC of 0.99
and 0.90 (Figs. 7A and 8). A more pronounced increase in peak
width was observed at XDPPC=0.80. This increase in peak
width was due to the presence of two transition peaks at
XDPPC≥0.80, and a complex phase behavior could be observed
at XDPPC=0.69. The enthalpy of the phase transitionΔH did not
change significantly over the entire concentration range studied.
3.2.2. PFOA
In the case of DPPC–PFOA mixtures, a broadening of the
pretransition and a shift to lower onset and maximum
temperatures could be observed over a mole fraction range of
DPPC from 0 to 0.68 (Figs. 6B and 7B). The pretransition was
abolished at XDPPC>0.97, i.e. the pretransition was present over
a smaller mole fraction range compared to the DPPC–PFOSFig. 6. Typical calorimetric scans for mixtures of DPPC with (A) PFOS, (B) PFOA and (C) OS in excess water. The mole fraction of DPPC is indicated besides each
scan. The heating rate was 5°/min from 4 °C to 80 °C (only the part of the curve with a phase transition is shown).
Fig. 8. Half width of the main phase transition of mixtures of DPPC with (▴)
PFOS, (▪) PFOA and (♦) OS (presented as ratio to the peak width of pure
DPPC). All data points are averages of at least three experiments±one standard
deviation.
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offset temperatures of the main phase transition decreased with
decreasing mole fraction of DPPC (Fig. 7B). At XDPPC=0.90 a
shoulder was apparent at 37.75±0.18 °C indicating the presence
of two lipid assemblies at this mole fraction. The relative peak
half width was comparatively small at high and low mole
fractions of DPPC but showed an increase round XDPPC ∼0.80
(Fig. 8). The enthalpy of the phase transitionΔH did not change
significantly over the entire concentration range studied.
3.2.3. OS
The OS–DPPC system was investigated for mole fractions
between XDPPC=0 and 0.70 (Figs. 6C and 7C). Similar to
PFOS, PFOA and other small organic compounds [21,31], OS
caused a shift of the pretransition to lower temperatures and
abolished the pretransition at a mole fraction of DPPC below
0.97. The onset temperature of the main phase transition of the
DPPC–OS system showed a decrease over the entire mole
fraction range investigated (Fig. 7C). The offset temperature
remained constant down to XDPPC∼0.90 and showed a decrease
below this mole fraction of DPPC (Fig. 6B). A constant phase
transition corresponding to the main phase transition of DPPC
was observed down to XDPPC<0.90. At XDPPC=0.97 an
additional shoulder appeared with a maximum at 41.13±
0.11 °C. The onset and main temperature of this second phase
transition decreases with decreasing mole fraction of DPPC. At
XDPPC=0.80 it became the only apparent phase transition with a
maximum at 37.58±0.11 °C. At XDPPC=0.70 a complex phase
behavior with at least four temperature maxima at 33.30±
0.15 °C, 35.10±0.06 °C, 36.33±0.07 °C and 37.84±0.19 °C
was observed. Similar to the PFOS–DPPC and the PFOA–
DPPC systems, the enthalpy of the phase transition ΔH did
not change significantly over the entire concentration range
studied.
4. Discussion
4.1. Fluorescence anisotropy measurements
We herein report a systematic study of how PFOS and two
structurally related surfactants (Fig. 1) partition into DPPCbilayers and alter the phase behavior of these membranes.
PFOA was chosen because, like PFOS, it has a carbon chain
consisting of eight carbon atoms; however, PFOA has a
different anionic (i.e., carboxylate) head group. OS was chosen
because it is the hydrocarbon analog of PFOS. All three
compounds were studied as their potassium salts because the
potassium salt of PFOS is typically used in biological studies
[5,6,10–16,32].
In the present study we employed DPH and TMA-DPH as
fluorescent probes. Both probes are well investigated and, in
this study, gave identical values for Tm and the transition width
of the DPPC model membranes. DPH and TMA-DPH are
known to be located at different positions within the DPPC
membrane. DPH is a probe that partitions equally between
ordered and disordered lipid bilayers, whereas the structurally
similar trimethylammonium derivative, TMA-DPH, partitions
preferentially into the fluid phase region of lipid bilayers [33].
These two probes are expected to provide an insight into the
location of the three surfactants under investigation in the DPPC
bilayers.
In our earlier work we noted a linear decrease of Tm with
increasing PFOS concentration that resulted from the partition-
ing of PFOS into the lipid bilayer. At a concentration of
>139 μmol/L (75 mg/L) this decrease in Tm appeared to level
off, thus suggesting a change in the phase behavior of the
DPPC–PFOS system. We performed additional measurements
with both DPH and TMA-DPH labeled bilayers to further
define this change in phase behavior. As shown in Figs. 4A and
5A, Tm indeed remains constant at higher PFOS concentrations.
This change in slope occurs at 83 μmol/L (DPH) and
112 μmol/L (TMA-DPH). It is well established that fluorinated
and hydrocarbon surfactants form two types of micelles in
aqueous solution, one rich in fluorocarbon surfactant and one
rich in hydrocarbon surfactant [34]. It is likely that PFOS
likewise forms new types of aggregates with DPPC at a critical
concentration above approximately 83 to 112 μmol/L. These
aggregates have a constant Tm over the concentration range
investigated. A similar observation has been reported for the
sodium salt of PFOA [28].
The changes in Tm in the DPPC–PFOA system showed
several similarities to the DPPC–PFOS system. In both systems
Tm decreased while the transition width increased with
increasing PFOA concentration. Unlike in the DPPC–PFOS
system, no leveling off of the decrease of Tm was noted for the
DPPC–PFOA system over the entire concentration range under
investigation. A previous study by Inoue and co-workers
showed that the PFOA sodium salt causes an analogous linear
decrease of Tm and a leveling off at concentrations of
approximately 1000 μmol/L [28]. It is likely that the potassium
salt of PFOA also causes such a change at PFOA concentrations
>442 μmol/L. Thus, in comparison to the DPPC–PFOS system,
higher PFOA concentrations are needed to cause the formation
of new types of aggregates in the DPPC–PFOA system.
The relative differences in the fluorescent anisotropy values
observed in our model membrane system provide some
information about changes in the membrane fluidity caused
by incorporation of PFOS or PFOA [27]. Both fluorinated
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membranes in the liquid crystalline state in the DPH and the
TMA-DPH measurements (Figs. 2 and 3). PFOA had no or only
a slight effect on the fluidity of DPPC in the gel phase, whereas
PFOS caused a slight increase in fluidity in the gel phase.
Interestingly, this increase was more pronounced with the
TMA-DPC probe (Figs. 2 and 3), thus suggesting that in the
case of PFOS the change in membrane fluidity decreases with
membrane depth. Similarly, PFOS has been shown to increase
membrane fluidity in fish leukocytes in a dose-dependent
fashion [19] at a PFOS concentration as low as 19 μmol/L. In
the present study a significant decrease in the fluorescent
anisotropy was noted at 19 μmol/L (TMA-DPH) and 93 μmol/L
(DPH).
The difference in the effect of PFOS and PFOA on
membrane fluidity may be due to the different length of the
perfluoroalkyl tail (i.e., –C8F17 versus –C7F15). It is well
established that hydrocarbon surfactants need to have a certain
chain length before they cause a change in membrane fluidity
[27]. Although systematic studies have not been performed with
fluorinated surfactants, a study by Hu and co-workers showed
not effect of perfluorobutylsulfonate, a shorter-chain homo-
logue of PFOS, on the membrane fluidity of fish leukocytes
[19]. This suggests that fluorinated surfactants, like hydro-
carbon surfactants, may not cause a perturbation in model and
biological membranes below a certain, critical chain length. It is
possible that the perfluoroalkyl tail of PFOA with seven
perfluorinated C-atoms is not long enough to alter the fluidity of
DPPC model membranes in the gel and/or liquid crystalline
phase.
The overall effect of OS of DPPC model membranes
displays some similarities to the fluorocarbon surfactant–DPPC
systems, but also several distinct differences. Similar to PFOS
and PFOA, OS caused a linear, concentration dependent
decrease in Tm using both fluorescent probes over the entire
concentration range studied; however, much larger OS
concentrations were needed to achieve a significant decrease
in Tm compared to the fluorinated surfactants. For example, a
significant decrease in Tm was observed at 1 mmol/L (DPH)
and 9 mmol/L (TMA-DPH), whereas micromolar concentra-
tions of the two fluorinated surfactants were needed to achieve
the same effect. Furthermore, OS caused a concentration
dependent decrease in the fluorescent anisotropy value of
TMA-DPH in the gel phase but not the liquid crystalline phase.
This observation suggests an increase in membrane fluidity in
the gel phase. The extent of the change of fluidity appears to
differ with the depth within the model membrane because there
is hardly any decrease in the steady state fluorescent anisotropy
value in either phase in the DPH measurements.
Interestingly, the effect of OS on membrane fluidity also
differs from the effect of sodium octylsulfate, a structurally
related hydrocarbon surfactant. In a study by Inoue and co-
workers, sodium octylsulfate had little effect on the fluidity of
DPPC bilayers in the gel and the liquid crystalline phase [27],
although its membrane partition coefficient (K=4.71×102), as
determined by light-scattering measurements, is comparable to
OS [35]. One possible explanation for the effect of OS and, to alesser extent, of PFOS on membrane fluidity is that the
sulfonate (–SO3
−) headgroup causes a larger perturbation of the
lipid bilayer compared to other anionic headgroups.
This and many other studies have reported a linear decrease
of the main phase transition temperature Tm for mixtures of
DPPC with anionic hydrocarbon surfactants (e.g., sodium
alkylsulfates [27,35], sodium octanoate [28] and some hydro-
carbon sulfonates) and fluorocarbon surfactants (e.g., sodium
perfluorooctanoate [28] and PFOS [18]). The results from these
studies suggest that, independent of the type of headgroup
(sulfate versus carboxylate) or hydrophobic tail (perhydrocar-
bon versus fluorocarbon), anionic surfactant are readily
incorporated into DPPC model membranes. A similar observa-
tion was made for several other partially fluorinated or
perfluorinated surfactants [21,22,28,36–39]. It is likely that
the hydrophobic tail of all three surfactants is oriented in the
hydrophobic tail region of the DPPC bilayer, whereas the
negatively charged head group is positioned at the water–lipid
interface in the proximity of the positively charged trimethy-
lammonium group of DPPC. This location of the respective
headgroups within the bilayer explains the more pronounced
effect of all three surfactants in the TMA-DPH measurements.
These findings are also reflected in the apparent membrane
partition coefficients of PFOS, PFOA and OS, which decrease
in the order PFOS>PFOA>>OS for both the DPH and TMA-
DPH fluorescent measurements (Table 1). The partition
coefficients, which are in good agreement with reported
partition coefficients, suggest that the two fluorinated surfac-
tants have a much higher tendency to partition into the DPPC
bilayer compared to the hydrocarbon surfactant. This difference
can be explained with the higher hydrophobicity of fluorocar-
bon surfactants than hydrocarbon surfactants, i.e. the gain in
free energy for the transfer of a fluorocarbon surfactant to a lipid
bilayer are more favorable compared to the transfer of an
analogous hydrocarbon surfactant [28,35]. Furthermore, the
difference in partition coefficients also explains why the
changes in the membrane fluidity and structure and the
formation of new types of aggregates, e.g. of mixed micelles,
occurs at lower concentrations for both fluorinated surfactants
compared to the hydrocarbon surfactant.
4.2. Differential scanning calorimetry
In addition to the fluorescence experiments we also
investigated changes in the phase behavior of DPPC in the
presence of PFOS, PFOA and OS using DSC. Small,
hydrophobic molecules typically have a significant effect on
the pretransition of DPPC [31], a transition from a tilted gel to a
ripple gel phase [40]. Changes in the pretransition temperature
or width are a sensitive measure of changes in the structure of a
DPPC bilayer as a result of the incorporation of such molecules.
As shown in Figs. 6 and 7, all three surfactants cause a decrease
in the onset temperature of the pretransition and an increase of
its peak width. The temperature maximum of the pretransition
shifts to lower temperatures for PFOS and PFOA, but remains
constant for OS. The pretransition is abolished in all three
systems at mole fractions of DPPC of approximately 0.97. The
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surfactants are incorporated into the DPPC bilayer at relative
small concentrations where they cause structural changes (e.g.,
a change in the tilt angle of the lipid molecules). Similar
changes in phase behavior of DPPC and other phosphatidyl-
cholines have been reported for many other small, hydrophobic
molecules to phosphatidylcholine model membranes, including
some fluorinated surfactants [21,31].
The onset of the main phase transition of all three surfactant–
DPPC mixtures decreases almost linearly with increasing
surfactant content (Fig. 7), which is in good agreement with
the results from the fluorescent anisotropy measurements.
Furthermore, all three surfactant cause an increase in peak
width, with PFOS causing the most pronounced increase (Fig.
8). Overall, the changes in the phase transition temperature and
the peak width observed with both DSC and steady-state
fluorescence anisotropy measurements are in good agreement
and support our interpretation that all three surfactants are
incorporated into the lipid bilayer.
The chain length and the headgroup are factors that
contribute to the decrease in the main transition temperature
and the increase in peak width in all three surfactant–DPPC
systems. As discussed above, all three anionic surfactants are
most likely located close to the positively charged trimethy-
lammonium at the lipid–water interface of the phosphatidylcho-
line headgroup [31]. At the same time the short, hydrophobic
tail of each surfactant is aligned parallel to the hexadecanoyl
tails of DPPC, thus introducing free volume into the bilayer. To
compensate for the formation of such an energetically
unfavorable free volume, the alkyl chains of DPPC adopt
more trans-gauche conformations or chain bends to maximize
the entropy of the bilayer and to fill the free volume. This causes
a significant disruption of the packing of the hydrophobic tails
of DPPC and reduces van der Waals interactions. Furthermore,
Coulomb interactions between the anionic charges of the
surfactant headgroups are thought to causes a disruption of the
long-range order of the phospholipids [35]. Overall, these
factors contribute to a decreased cooperativity of the phase
transition in the DPPC bilayer and, hence, the peak broadening
and decre in the onset temperature observed with DSC and
steady-state fluorescence anisotropy measurements.
5. Conclusions
The steady-state fluorescence anisotropy and the DSC
measurements demonstrate that PFOS and PFOA have high
tendency to partition into DPPC model membranes with the
apparent membrane partitioning coefficients decreasing in the
order PFOS>PFOA>>OS. Both surfactants can alter the
membrane structure and, most likely, membrane function at
concentrations significantly lower compared to OS, a structu-
rally related hydrocarbon surfactant. Furthermore, qualitative
analysis of the data presented herein suggests that PFOS alters
the phase behavior of DPPC more drastically that PFOA. These
findings suggest that the direct inhibition of pulmonary
surfactant by PFOS and other fluorinated surfactants may be
one mechanism by which these compounds cause respiratorydistress and, thus, postnatal mortality in rodent animal models.
Further studies are needed to further investigate the interaction
of PFOS and PFOA with DPPC at the air–water interface.
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